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Identification of a novel regulatory domain in Bcl-xL

and Bcl-2

such as cancer, or cell loss, such as neurodegenerationBrian S.Chang, Andy J.Minn,
(Thompson, 1995).Steven W.Muchmore1, Stephen W.Fesik2

An increasing number of genes have been discoveredand Craig B.Thompson3

that are involved in regulating apoptosis. A number of
Gwen Knapp Center for Lupus and Immunology Research, these genes belong to thebcl-2 family. The original family
the Committee on Immunology, Howard Hughes Medical Institute, member, bcl-2, was cloned from a lymphoma which
Department of Medicine and Department of Molecular Genetics and overexpressedbcl-2as a result of a chromosomal transloca-Cell Biology, The University of Chicago, Chicago, IL 60637 and

tion. Subsequent studies have demonstrated that Bcl-21Protein Crystallography and2NMR Research, Pharmaceutical
inhibits apoptosis in response to a variety of differentDiscovery Division, Abbott Laboratories, Abbott Park, IL 60664, USA
stimuli, including irradiation, growth factor withdrawal,3Corresponding author
glucocorticoids, chemotherapeutic agents and viral infec-
tion. bcl-2appears to be the homologue of theCaenorhab-Bcl-xL, a member of the Bcl-2 family, can inhibit many
ditis elegansgeneced-9, which also has been shown toforms of programed cell death. The three-dimensional
inhibit PCD (Hentgartner and Horvitz, 1994). In verte-structure of Bcl-xL identified a 60 amino acid loop
brates, a number ofbcl-2-related genes have been identi-lacking defined structure. Although amino acid
fied. One of these genes,bcl-x, has the ability to encodesequence within this region is not conserved among
two distinct proteins as a result of alternative splicing, aBcl-2 family members, structural modeling suggested
long form (Bcl-xL) and a short form (Bcl-xS) (Boiseet al.,that Bcl-2 also contains a large unstructured region.
1993). Bcl-xL, like Bcl-2, inhibits apoptosis. In contrast,Compared with the full-length protein, loop deletion
Bcl-xS, which splices out 63 amino acids of highestmutants of Bcl-xL and Bcl-2 displayed an enhanced
homology to Bcl-2, can antagonize the anti-apoptoticability to inhibit apoptosis. Despite enhanced function,
action of Bcl-xL and Bcl-2 (Minnet al., 1996). Severalthe deletion mutants did not have significant alterations
additional Bcl-2-related proteins, including Bax, Bad andin the ability to bind pro-apoptotic proteins such as
Bak, have also been shown to potentiate apoptosis (OltvaiBax. The loop deletion mutant of Bcl-2 also displayed
et al., 1993; Chittendenet al., 1995b; Farrowet al., 1995;a qualitative difference in its ability to inhibit apoptosis.
Kiefer et al., 1995; Yanget al., 1995). Thus, the Bcl-2Full-length Bcl-2 was unable to prevent anti-IgM-
family encompasses a diverse set of proteins spanning ainduced cell death of the immature B cell line WEHI-
large evolutionary distance and has members which can231. In contrast, the Bcl-2 deletion mutant protected
either inhibit or promote apoptosis.WEHI-231 cells from death. Substantial differences

One characteristic of this family of proteins is theirwere observed in the ability of WEHI-231 cells to
propensity to form homo- and heterodimers (Oltvaiet al.,phosphorylate the deletion mutant of Bcl-2 compared
1993; Satoet al., 1994; Hanadaet al., 1995; Sedlaket al.,with full-length Bcl-2. Bcl-2 phosphorylation was found
1995; Yang et al., 1995). Most family members canto be dependent on the presence of an intact loop
dimerize with themselves and/or with other family mem-domain. These results suggest that the loop domain
bers. It is thought that the relative ratio of anti-apoptoticin Bcl-xL and Bcl-2 can suppress the anti-apoptotic
dimers versus pro-apoptotic dimers is important in deter-function of these genes and may be a target for
mining the resistance of a cell to apoptosis. In addition toregulatory post-translational modifications.
the associations between various family members, severalKeywords: apoptosis/bcl-x/bcl-2/programed cell death/
other less well-characterized associations have beenprotein structure
described between Bcl-2 family members and other pro-
teins (Fernandez-Sarabia and Bischoff, 1993; Wanget al.,
1994; Boydet al., 1994; Chen and Faller, 1996).

Although several different theories have been proposed,Introduction
the exact biochemical functions performed by the Bcl-2

Apoptosis, or programed cell death (PCD), is an active family of proteins remain unclear. A diverse array of
process in which an individual cell responding to internal biochemical changes have been associated with apoptosis.
and/or external cues commits suicide (White, 1996; Yang Many of these changes, including the generation of reactive
and Korsmeyer, 1996). Cell death by apoptosis has severaloxygen intermediates (Hockenberyet al., 1993; Kane
characteristic features, including nucleosomal DNA et al., 1993), protease activation (Miuraet al., 1993;
degradation, membrane blebbing and cell volume loss. Chinnaiyanet al., 1996; Fraser and Evan, 1996), calcium
PCD is involved in many diverse homeostatic processes flux (Baffy et al., 1993; Lamet al., 1994) and mitochon-
in multicellular organisms, both during development and drial membrane depolarization (Zamzamiet al., 1995a,b,
in the mature organism. Dysregulation of apoptosis can 1996), have been proposed to be activating signals for

PCD. Bcl-2 has been shown to alter each of theselead to pathological states involving cell accumulation,
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Inhibitory domain of Bcl-xL and Bcl-2

Fig. 1. Amino acid sequence comparison of the N-termini of human Bcl-xL, human Bcl-2 and Ced-9. Numbers on top correspond to amino acid
residues in Bcl-xL. Alignments of Bcl-2 and Bcl-xL with Ced-9 are based on previously described similarities (Hentgartner and Horvitz, 1994). The
position of residues that comprise theα1 andα2 helices in the recently described three-dimensional structure of Bcl-xL (Muchmoreet al., 1996) are
indicated above the sequence alignment. Dark gray boxes represent residues identical to Bcl-xL, light gray represents amino acid similarity. Below,
bars correspond to regions deleted from Bcl-xL and Bcl-2 in the various deletion mutants used for subsequent analysis. All deleted residues were
replaced with a linker comprised of four alanines.

biochemical changes. However, it has been difficult to negative regulatory domain and may serve as a target for
post-translational modifications that can selectively inhibitdetermine whether this effect is a direct result of the

biochemical action of Bcl-2 or simply a secondary result the biochemical function of Bcl-2 or Bcl-xL.
of inhibiting apoptosis.

Although Bcl-2 and Bcl-xL are able to interfere with Results
many forms of apoptosis, there are some forms of apoptosis
that do not appear to be blocked by simple overexpressionDeletion of the loop from Bcl-xL leads to

hyperfunctionof Bcl-2. These include negative selection during lympho-
cyte development (Sentmanet al., 1991; Strasseret al., During the course of determining the three-dimensional

structure of Bcl-xL, a large region of Bcl-xL was found to1991) and CNTF withdrawal from neurons (Allsoppet al.,
1993). It is not clear why Bcl-2 is unable to block these be unstructured, as determined by both NMR and X-ray

crystallographic techniques. This unstructured region isdeath signals. One explanation may be that the induction
of apoptosis following these death signals is fundamentally anchored on the N-terminus by theα1 helix and at the

C-terminus by theα2 helix, both of which are keydifferent from other forms of apoptosis inhibitable by Bcl-2
and Bcl-xL. Alternatively, the biochemical function(s) of components of the compactα-helical bundle that com-

prises the rest of the molecule. This area of the moleculeBcl-2 and Bcl-xL may be inactivated under such conditions.
The three-dimensional structure of Bcl-xL has recently has been designated the loop domain. Amino acid sequence

comparisons between Bcl-xL, Bcl-2 and Ced-9 demonstratebeen obtained by X-ray crystallography and NMR spectro-
scopy (Muchmoreet al., 1996). The structure consists of that the amino acid sequence in this region is not conserved

between Bcl-xL and Bcl-2 and appears to be absent fromtwo central hydrophobicα-helices which are surrounded
by amphipathic helices. In addition, Bcl-xL contains a Ced-9 (Figure 1).

To investigate the role of the loop domain in the anti-large unstructured loop of ~60 amino acids which is
missing in the electron density map of the protein and apoptotic function of Bcl-xL, numerous overlapping and

nested deletions were made within this domain of humanwhich was shown to be highly flexible based on15N-1H
heteronuclear NOE experiments. Such a large unstructured Bcl-xL (Figure 1). These deleted residues were uniformly

replaced by a sequence of four alanines in place of theregion in a protein is unusual and prompted us to perform
additional studies in order to determine how this domain deleted residues to serve as a linker. The N-terminus of

each protein was tagged with a hemagglutinin (HA)might contribute to the biological properties of Bcl-xL. To
investigate whether this domain is important for the epitope. An N-terminal tagged version of full-length Bcl-xL

was also produced for comparison. No difference in thebiological activities displayed by Bcl-xL (and Bcl-2),
several deletion mutants of Bcl-xL and a deletion mutant anti-apoptotic function of Bcl-xL with or without the HA

tag was observed (data not shown). Evidence from severalof the comparable region in Bcl-2 were created. These
mutants were examined for their ability to regulate groups also suggests that N-terminal epitope tags of

Bcl-2 family members have no effect on protein functionapoptosis as well as their ability to form dimers with
other Bcl-2 family members. These mutants all displayed (Chittendenet al., 1995b; Yanget al., 1995; Minnet al.,

1996).enhanced anti-apoptotic properties that could not be
explained by an increased ability to bind Bax. In addition The anti-apoptotic function of six Bcl-xL deletion con-

structs was tested following stable transfection into murineto showing enhanced function, deletion of the loop region
of Bcl-2 resulted in a protein that could inhibit a form FL5.12 cells. These pro-B cells are IL-3 dependent and

undergo apoptotic cell death upon IL-3 deprivation (Nun˜ezof PCD previously reported to be unaffected by Bcl-2
overexpression. We propose that the loop region is a et al., 1990). As Figure 2A shows, the control transfectants
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Fig. 2. Deletions of the loop domain of Bcl-xL do not abrogate protective function. Murine FL5.12 cells were transfected with Bcl-xL constructs
containing the indicated deletions. (A) Percent viability over time of the bulk transfectants was examined after IL-3 deprivation. Viability was
determined by propidium iodide exclusion as measured by flow cytometry. Survival of cells transfected with the control vector (Neo) is also
indicated. Means of three independent determinations are shown. Error bars represent one standard deviation. These results are representative of
three independent experiments. (B) Expression of Bcl-xL deletion proteins in FL5.12 cells. All Bcl-xL constructs were N-terminally tagged with a
HA epitope. Bulk transfectants of the Bcl-xL constructs containing the indicated deletions were examined for Bcl-xL expression by Western blot
analysis using a mouse monoclonal antibody (12CA5) specific for the N-terminal HA tag.

undergo apoptosis rapidly upon IL-3 deprivation, while resistance imparted by full-length Bcl-xL (Figure 3). The
two full-length Bcl-xL clones had a viability of,15% atthe full-length Bcl-xL-transfected cells are significantly

protected. Unexpectedly, bulk transfectants of all six 7 days after factor withdrawal, while the∆26–83 clones
were .55% viable and the∆46–83 clones were.67%deletion constructs showed reproducible enhancement of

anti-apoptotic function relative to the full-length Bcl-xL viable at this time point. Several additional clones of the
three constructs were also tested and were found to protectprotein. This enhancement of function could not be

explained simply by the relative levels of protein expres- against apoptosis similarly to the clones presented (data
not shown). The failure of full-length Bcl-xL to protect assion as assayed by Western blot (Figure 2B). Each of the

deletion proteins was found to be expressed at levels equal completely from apoptosis as the deleted clones was not
the result of expression of Bcl-xL above an optimum levelto or lower than the full-length Bcl-xL protein. In addition,

unlike full-length Bcl-xL, which migrates as a discrete for cell protection. Bcl-xL clones that expressed 2- to
3-fold more full-length Bcl-xL than clones shown in Figuredoublet, all the deletion mutants except∆26–43 migrated

on SDS–PAGE gels as a sharp, single band. The molecular 3A displayed a significantly greater ability to support cell
survival 7 days after factor withdrawal (Figure 3E). Clonesbasis for this difference in migration pattern has not been

determined. that displayed lower levels of full-length Bcl-xL have
levels of survival that approach those of neomycin controlTo confirm that the transfectants of the Bcl-xL deletion

constructs demonstrate enhanced anti-apoptotic function, transfectants (data not shown; Minnet al., 1996). These
data suggest that the unstructured region of Bcl-xL exertsclones of these transfectants were generated by limiting

dilution. Clones of two of the largest deletion mutants, a negative effect on the protective function of Bcl-xL.
Deletion of this region removes this negative regulation,Bcl-xL ∆46–83 and Bcl-xL ∆26–83, were then studied in

greater detail. Clones were also generated from the full- resulting in enhanced anti-apoptotic function.
length Bcl-xL transfectants as positive controls. Protein
expression of the three sets of clones generated is shownBax heterodimerization is unaffected by loop

deletionin Figure 3D. Similar to the bulk transfectants, the deletion
mutants were both underexpressed relative to the full- Although the biochemical mechanism of Bcl-xL action is

unknown, one proposed model suggests that hetero-length Bcl-xL protein and migrated as single bands. Even
though all constructs were under the control of the same dimerization of Bcl-xL with other Bcl-2 family members

may be important in regulating the apoptotic threshold ofspleen focus forming virus (SFFV) promoter, we were
unable to generate clones of the deletion mutants with a cell (Oltvai and Korsmeyer, 1994; Yinet al., 1994;

Yang et al., 1995). In this model, the heterodimerizationlevels of expression equal to clones of the full-length
protein, as quantitated by Western blot using either anti-HA of Bcl-xL with the pro-apoptotic family members such as

Bax, Bak and Bad is essential for its anti-apoptotic effect.or anti-Bcl-xL monoclonal antibodies. Therefore, clones of
Bcl-xL with relatively low levels of expression were One possible explanation for the hyperfunction of the

deletion mutants is that these proteins are better able tochosen for comparison. Nevertheless, despite the low
expression, both deletion mutants confer a level of resist- heterodimerize with the death-promoting family members

and thereby block their ability to potentiate apoptosis. Toance to apoptosis that was significantly greater than the
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Fig. 3. Comparison of viability between clones of FL5.12 expressing either Bcl-xL, Bcl-xL ∆26–83 or Bcl-xL ∆46–83 following IL-3 withdrawal.
Single cell clones of the full-length protein and two deletion proteins, Bcl-xL ∆26–83 and Bcl-xL ∆46–83, were generated by limiting dilution from
the bulk transfectant population. Percent viability over time following IL-3 deprivation was measured by propidium iodide exclusion. Means of three
independent determinations are shown. Error bars represent one standard deviation. These results are representative of two independent experiments.
(A) Bcl-xL. (B) Bcl-xL ∆26–83. (C) Bcl-xL ∆46–83. The survival of control transfectants (Neo) in the same experiment is also indicated.
(D) Expression levels of full-length Bcl-xL and deletion proteins in the various clones was determined by Western blot using a monoclonal antibody
specific for the N-terminal HA tag expressed by each construct. WT indicates cells transfected with a full-length Bcl-xL construct. (E) Enhanced
survival of the Bcl-xL deletion clones can be mimicked by higher levels of full-length Bcl-xL. The survival of Bcl-xL clone 3, which expresses 2- to
3-fold higher levels of Bcl-xL than Bcl-xL clones 1 and 2, displays survival properties similar to those observed for the Bcl-xL ∆26–83 clones. The
level of Bcl-xL in Bcl-xL clone 3 in comparison with Bcl-xL clones 1 and 2 as determined by Western blotting is presented on the right.

test this possibility, all six loop mutant transfectants, as ratio of Bax to Bcl-xL in the immunoprecipitates is
relatively constant, suggesting that the ability to dimerizewell as full-length Bcl-xL-transfected FL5.12 cells, were

metabolically labeled with [35S]methionine. Cell lysates with Bax is not substantially affected in loop deletion
mutants. However, it should be noted that due to thewere immunoprecipitated with an anti-HA antibody

(12CA5) and the amount of associated protein was deter- lower levels of Bcl-xL mutant proteins expressed in the
transfectants, the absolute quantity of Bax heterodimerizedmined. As reported previously, the major Bcl-2 homolog

associated with Bcl-xL in FL5.12 cells was Bax (Minn with the Bcl-xL deletion mutants is less than the quantity
of Bax associated with full-length Bcl-xL. For example,et al., 1996). As shown in Figure 4A, all of the deletion

mutants retain the ability to immunoprecipitate Bax. The as measured by scanning densitometry, full-length Bcl-xL
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structure of Bcl-xL. Based on modeling, Bcl-2 likely
contains a large unstructured loop region between helices
α1 andα2. However, the amino acid residues within this
predicted loop region are very different in the two proteins.
To test if this region in Bcl-2 also imparts a negative
effect on its anti-apoptotic function, a construct was made
in which 49 amino acids (32–80) were deleted from this
region of Bcl-2 and replaced with a linker of four alanines.
An HA epitope tag was also added at the N-terminus.
FL5.12 cells were transfected with the Bcl-2 deletion
(Bcl-2∆) construct, a full-length Bcl-2 construct and a
control plasmid containing only a neomycin resistance
gene. From these transfected cells, clones were generated
expressing either the Bcl-2∆ or the full-length Bcl-2
construct. These clones were screened for Bcl-2 using
a polyclonal anti-Bcl-2 antibody recognizing a peptide
sequence shared by both constructs (Figure 5B). As with
the Bcl-xL deletions, clones with equivalent expression of
the deletion and full-length Bcl-2 protein could not be
generated. However, despite the much higher expression

Fig. 4. Association of Bax with Bcl-xL deletion mutants. (A) FL5.12 of the full-length Bcl-2 protein, when these clones were
cells transfected with the indicated Bcl-xL constructs were tested by IL-3 withdrawal (Figure 5A), the deletion protein
metabolically labeled overnight with [35S]methionine. Cell lysates conferred a greater protective effect against apoptosis thanwere then immunoprecipitated with an anti-HA antibody.

the full-length protein. Thus, the negative regulatoryImmunoprecipitates were separated by SDS–PAGE and exposed by
function of the putative unstructured loop region seemsfluorography. The position of Bax is indicated to the right of the gel.

Bcl-xL ∆46–83 migrates at the same position as Bax. Neomycin to be a shared characteristic of Bcl-xL and Bcl-2.
(Neo)-resistant control transfectants were subjected to similar To test the ability of the full-length and the mutant
immunoprecipitation to confirm the specificity of the Bax association.

Bcl-2 to heterodimerize with endogenous Bax, the FL5.12The ratio of Bax to Bcl-xL in the immunoprecipitates was measured
transfectants were metabolically labeled with [35S]by scanning densitometry and corrected for the methionine content of

the Bcl-xL deletion mutants. The ratio of Bax to Bcl-xL was 0.59 for methionine. To assure qualitatively as well as quantitat-
full-length Bcl-xL, 0.57 for∆26–83, 0.61 for∆26–63, 0.42 for∆26– ively similar immunoprecipitations, both proteins were
43, 0.60 for∆46–63 and 0.63 for∆66–83. The ratio of Bax to Bcl-xL immunoprecipitated using an anti-HA antibody. Figure 6∆46–83 could not be estimated due to co-migration of the two

shows the results of the immunoprecipitation. No signific-proteins. (B) Cell lysates from each of the Bcl-xL transfectants were
ant difference in the amount of Bax that could be co-analyzed by Western blot using an anti-Bax rabbit polyclonal antibody

N-20 (Santa Cruz) to determine endogenous Bax expression levels. immunoprecipitated was observed. Similar results were
Lanes were loaded as indicated in (A). obtained using non-epitope-tagged Bcl-2 (data not shown).

Deletion of the putative loop in Bcl-2 restoresimmunoprecipitated 2.6-fold more Bax than did Bcl-xL
∆26–83. None of the mutants immunoprecipitated more function in the WEHI-231 cell line

The murine immature B cell line WEHI-231 has previouslyBax than did the full-length protein. Since the level of
Bax expressed in the cells is equivalent (Figure 4B), the been shown to undergo apoptosis upon IgM crosslinking

and this system has been used as a model of negativeabsolute amount of Bax unassociated with Bcl-xL, (i.e.
‘free’ Bax) is greater in the cells expressing the deleted selection (DeFrancoet al., 1987; Hasbold and Klaus,

1990; Cuendeet al., 1993). Apoptosis in these cells isproteins as compared with the cells expressing full-length
Bcl-xL. inhibitable by Bcl-xL but not by Bcl-2 (Gottschalket al.,

1994; Choiet al., 1995). Since the negative regulatoryThe heterodimerization capabilities of Bcl-xL and a
Bcl-xL loop deletion mutant were further investigated loops in Bcl-2 and Bcl-xL bear no significant similarity to

each other, one possibility is that differences in thein vitro. The BH3 domain of Bak has been found to be
necessary and sufficient to mediate dimerizations between loop domains might account for the observed functional

difference between Bcl-2 and Bcl-xL in WEHI-231 cells.Bcl-xL and Bak (Chittendenet al., 1995a). Interactions
between Bcl-xL or Bcl-xL ∆45–84 with a 23 amino acid To test whether the qualitative difference in function of

Bcl-2 and Bcl-xL in WEHI-231 cells resulted from thepeptide sequence (GQVGRQLAIIGDDINRRYDSEFQ)
representing the BH3 region of Bak were measured by differences in the loop domains, the deletion construct of

Bcl-2 was tested in this system. WEHI-231 cells weretryptophan fluorescence quenching. The binding constants
(KD) for Bcl-xL and Bcl-xL ∆45–84 were both determined stably transfected with Bcl-2∆ and Bcl-2 and clones

were derived by limiting dilution. Clones with roughlyto be 200 nM. Thus, deletion of the loop domain does
not alter the ability of Bcl-xL to associate with Bax or Bak. equivalent expression levels of Bcl-2 and Bcl-2∆ were

isolated (Figure 7C) and tested for their resistance to anti-
IgM-induced death. Figure 7A demonstrates the failureLoop deletions in Bcl-2 also lead to increased

function of full-length Bcl-2 to inhibit apoptosis due to IgM
crosslinking. Analysis of multiple clones from three separ-Given the extensive sequence identity between Bcl-xL and

Bcl-2, it is expected that the three-dimensional structure ate transfections demonstrated that Bcl-2 transfectants
reproducibly survive less well than control transfectantsof Bcl-2 will be very similar to the recently described
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Fig. 6. Association of Bax with Bcl-2 and Bcl-2∆ in FL5.12 cells.
Cells were metabolically labeled with [35S]methionine overnight and
cell lysates were immunoprecipitated with an anti-HA antibody
specific for the N-terminal HA tag present in both Bcl-2 and Bcl-2∆.
Immunoprecipitates were resolved by SDS–PAGE. The position of co-
immunoprecipitated Bax is indicated. Control transfectants expressing
a neomycin resistance gene (Neo) were also subjected to
immunoprecipitation with the anti-HA antibody. Bands in this lane
represent proteins non-specifically immunoprecipitated.

able region of Bcl-xL, was also able to inhibit anti-IgM-
induced apoptosis in WEHI-231 cells. Transfection of the
reciprocal construct containing the N-terminus of Bcl-2
fused to the C-terminus of Bcl-xL failed to inhibit anti-
IgM-induced apoptosis (data not shown).

The ability of Bcl-2 and Bcl-2∆ to form heterodimers
in WEHI-231 cells was also examined by immunoprecipit-
ation. As in FL5.12 cells, no difference in Bax hetero-
dimerization ability was found between Bcl-2 and Bcl-2∆
(data not shown).

Deletion of the loop domain alters the ability of
Bcl-2 to be phosphorylatedFig. 5. Viability and expression of Bcl-2∆ and Bcl-2 in FL5.12 cells.
Serine/threonine phosphorylation of Bcl-2 has beenCells were transfected with either Bcl-2∆ or Bcl-2 expression

constructs and clones were derived by limiting dilution. (A) Viability reported to be associated with a decrease in biological
assays following IL-3 withdrawal were performed as described in the function (Haldaret al., 1995). We therefore sought to
legend to Figure 2. Means of three independent determinations are

investigate whether phosphorylation in the loop is respons-shown. Error bars represent one standard deviation. Results are
ible for the negative modulation of Bcl-xL and/or Bcl-2representative of two independent experiments. Neo indicates the

survival of cells transfected with a control construct encoding a function. In order to observe ongoing serine/threonine
neomycin resistance gene. (B) Expression levels of Bcl-2 and Bcl-2∆ phosphorylation, Bcl-2- and Bcl-2∆-transfected FL5.12
in the clones was determined using a polyclonal rabbit antibody which and WEHI-231 cells were labeled with [32P]orthophos-recognizes both murine and human Bcl-2 equivalently. The band

phate in the presence of okadaic acid. Immunoprecipitationobserved in the cells transfected with a neomycin-containing control
revealed phosphorylation of Bcl-2 but not Bcl-2∆ in bothplasmid (Neo) is murine Bcl-2. As previously reported, its endogenous

expression is suppressed by expression of transfected Bcl-2 (Chao FL5.12 and WEHI-231 cells (Figure 8). Interestingly, the
et al., 1995). phosphorylation pattern as determined by mobility shift

on a SDS–PAGE gel is different between the two cell
lines. Phosphorylation as judged by both gel mobilityeven at the highest levels of expression obtainable. In

contrast, Bcl-xL was able to impart resistance to cell death shifts and band intensity was much more extensive in
WEHI-231 cells, suggesting that either a different degreein response to IgM crosslinking. Deletion of the putative

loop domain from Bcl-2 converts it from a non-protective of phosphorylation or differential sites of phosphorylation
occurred in these two cells lines. Under similar conditions,protein into a protein which prevented anti-IgM-induced

apoptosis at least as well as Bcl-xL (Figure 7B). These no phosphorylation of Bcl-2∆ was detectable in either cell
line and Bcl-2∆ ran as a sharp single band. We weredata suggest that the putative loop domain of Bcl-2

completely abrogates the protective function of Bcl-2 in unable to detect phosphorylation of Bcl-xL under similar
conditions (data not shown). Thus, the loop domain ofWEHI-231 cells. In contrast, the loop domain of Bcl-xL

does not abrogate Bcl-xL function in this cell line. Consist- Bcl-2 is either a substrate for phosphorylation or contains
a binding site for a kinase(s) that acts elsewhere on theent with these data, transfection of a chimeric construct,

engineered by replacing the N-terminal half of Bcl-2, molecule. Deletion of the loop is sufficient to inhibit the
phosphorylation of Bcl-2.which includes the putative loop domain, with the compar-
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Fig. 7. Bcl-2∆ but not Bcl-2 protects WEHI-231 cells from anti-IgM-induced apoptosis. WEHI-231 cells were transfected with either a Bcl-2 or
Bcl-2∆ expression construct and single cell clones were derived by limiting dilution. For viability assays cells were incubated in 24-well plates at
53105 cells/ml and treated with the anti-IgM antibody BET2. Viability was measured by propidium iodide exclusion. Means of three independent
experiments are shown. Error bars represent one standard deviation. (A) Bcl-2-transfected WEHI-231 cells do not exhibit enhanced protection
relative to control transfectants containing a neomycin resistance gene (Neo). In contrast, Bcl-xL transfectants displayed a high degree of protection
against anti-IgM-induced apoptosis. (B) Bcl-2∆ transfectants show a high level of resistance to anti-IgM-induced apoptosis. (C) Expression of Bcl-2
in the indicated clones was determined by Western blot analysis with an anti-Bcl-2 antibody (N-19). The positions of transfected human Bcl-2 and
Bcl-2∆ are indicated. An asterisk denotes endogenous murine Bcl-2.

Discussion Bcl-xL cannot be accounted for by differences in the
ability of the loop deletion proteins to bind Bax. The

Previous mutagenesis and deletional analysis of Bcl-2 stoichiometry of binding to Bax in immunoprecipitates isfamily members has concentrated primarily on the regions
not affected by deletion mutants in Bcl-xL. Furthermore,of homology: BH1, BH2 and BH3. These regions have
the binding affinity of Bcl-xL for the Bak BH3 peptide,been shown to be involved in mediating dimerizations
which has been shown to inhibit Bcl-xL function in cells,between the various family members (Yinet al., 1994;
is not altered by deletion of the Bcl-xL loop domain. InChittendenet al., 1995a; Zhaet al., 1996; Sattleret al.,
FL5.12 cells, the Bcl-xL ∆26–83 mutant provides better1997). However, the data presented here suggest that
protection from apoptosis than full-length Bcl-xL, evenindependent of heterodimerization, anti-apoptotic function
though the deletion mutant is expressed at much lowercan be regulated by the large loop domain of Bcl-xL and
levels. Since Bcl-xL and Bcl-xL ∆26–83 both bind Baxits putative homologous domain in Bcl-2. Deletion of the
stoichiometrically and total Bax levels are identicalloop domain in the two different genes leads to a quantitat-
between the two transfectants, the total amount ofive increase in protection of FL5.12 cells against IL-3
unheterodimerized or ‘free’ Bax must be greater in thewithdrawal-induced death. Furthermore, the presence of
deletion mutant transfectants than in the full-length Bcl-xLthe negative regulatory loop in Bcl-2 accounts for the
transfectants. These data suggest that Bcl-xL does notfailure of the full-length protein to protect against anti-
protect cells merely through its ability to bind Bax andIgM-induced death of WEHI-231 cells. This qualitative
thereby prevent the formation of Bax homodimers. Thesedifference in Bcl-2 function in WEHI-231 cells correlates
data are consistent with a previous finding that Bcl-xL haswith the inability of WEHI-231 cells to phosphorylate the
anti-apoptotic function in the absence of Bax or BakBcl-2∆ protein.
binding capability (Chenget al., 1996).The ability of the loop deletion mutants to enhance

both the quantitative and qualitative function of Bcl-2 and The loop domain is not conserved between Bcl-x and
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between the two cell lines examined in this study, arguing
that there can be variations in the degree of phosphoryl-
ation. As there are five serines and three threonines in the
loop domain of Bcl-2, it is possible that there are multiple
phosphorylation sites present in the loop. Alternatively, it
cannot be ruled out that the loop domain is not the
substrate for phosphorylation, but instead is necessary for
recognition by a kinase that then phosphorylates a different
region of the protein.

Proteins containing regions of denatured or random coil
structure do not normally exhibit long half-lives, due to
recognition and cleavage by cellular proteases
(Ciechanover, 1994). Therefore, it is likely that the large
unstructured loop region is shielded or otherwise protected
from rapid degradation by other associated proteins. These

Fig. 8. Bcl-2 but not Bcl-2∆ is extensively phosphorylated in putative loop-associating proteins might either directly
WEHI-231 cells. FL5.12 and WEHI-231 cells transfected with either

modulate the function of Bcl-2 and Bcl-xL or, alternatively,an empty control vector (Neo), a Bcl-2-expressing construct or a
regulate their accessibility to protease digestion. ConsistentBcl-2∆ construct were metabolically labeled with 0.5 mCi

[32P]orthophosphate in the presence of 1µM okadaic acid to inhibit with this latter possibility, unpublished data from our and
serine/threonine phosphatase activity. Cells were lysed and other laboratories suggest that the Bcl-xL and Bcl-2 loop
immunoprecipitates of Bcl-2 (2) or Bcl-2∆ (∆) were detected by domains can be targets for proteases that are activatedWestern blotting with anti-Bcl-2 antibody N-19 (top). After allowing

during apoptosis. Interestingly, three novel proteins havethe ECL signal to decay, the same blot was then exposed to
been cloned via a yeast two-hybrid screen whose inter-autoradiography to detect incorporated32P (bottom). Asterisks denote

32P-containing bands detected by both assays. action with Bcl-2 was reported to be dependent upon a
short stretch of amino acids within the putative loop
domain (Boydet al., 1994).Bcl-2 and most of the intraspecies divergence of the two

genes occurs in this region. Published alignments of Finally, the effect of the loop domain on Bcl-2 and
Bcl-xL function may be variable depending on the cellanother anti-apoptotic gene product, theC.elegansprotein

Ced-9, suggest that this protein does not have a sufficient type and death signal. As this loop domain is very large,
comprising one quarter of these proteins, there is amplenumber of amino acids to encode a regulatory loop region

between its putativeα1 and α2 helices (Hengartner room for multiple interaction sites which could lead to
complex and independent regulation of Bcl-2 and Bcl-xLand Horvitz, 1994). Unlike higher organisms,C.elegans

appears to have only a singlebcl-2-related gene. Thus, function. The regulation of Bcl-xL and Bcl-2 function by
post-translational mechanisms would allow for dynamicCed-9 may not need a specialized domain to post-transla-

tionally control its function. However, higher organisms alterations in the apoptotic threshold of a cell even
under conditions of high Bcl-xL or Bcl-2 expression.seem to have acquired a more intricate system for regulat-

ing Bcl-2 function. This may be the reason that higher Constitutively activating Bcl-2 and Bcl-xL, by deletion of
the loop domain, may override the ability of certainorganisms have evolved additional family members that

regulate apoptosis via differential dimerization, as well as cells to inactivate these proteins by post-translational
mechanisms. Tumor cells would have a great selectivethrough gene-specific regulatory domains as defined here

for Bcl-2 and Bcl-xL. advantage if they could create hyperfunctional mutants of
Bcl-2 and Bcl-xL which are not susceptible to inactivation.Phosphorylation of proteins is a ubiquitous mechanism

utilized by cells to regulate protein activity. Phosphoryl- Several reports have documented mutations in the putative
loop domain of Bcl-2 in DNA isolated from tumoration of the loop domain of Bcl-2 must exclusively involve

serine/threonine, as there are no tyrosines in the loop specimens (Tanakaet al., 1992a,b). Thus, alterations in
the negative regulatory properties of the loop domain maydomain (Figure 1). Serine phosphorylation of Bcl-2 has

been reported to correlate with an increase in anti-apoptotic be another mechanism by which modifications in the
function of Bcl-2 proteins may contribute to carcino-activity by two groups (Mayet al., 1994; Chenet al.,

1995; Chenget al., 1996) and with a decrease by another genesis.
(Haldar et al., 1995). Although the data presented here
do not resolve this debate, there does seem to be a

Materials and methodscorrelation between phosphorylation of Bcl-2 and
decreased anti-apoptotic activity. Furthermore, phos- Plasmid constructs

Deletion mutants of Bcl-xL and Bcl-2 were generated by two-stepphorylation may not turn off Bcl-2 function in a single
recombinant PCR (Erlich, 1989) and confirmed by sequencing. Anstep. Although Bcl-2 is phosphorylated in both cell lines
influenza hemagglutinin epitope (MDYPYDVPDYA-) was added to theexamined, albeit less intensely in FL5.12, Bcl-2 retains 59-end of some constructs by PCR. These constructs were cloned into

anti-apoptotic function only in FL5.12 cells, while it is the plasmid pBluescript II SK1 (Stratagene), sequenced and then
non-functional in WEHI-231 cells. The failure of Bcl-2 subcloned into the expression vector pSFFV-Neo (Boiseet al., 1993).
to protect WEHI-231 cells is not due to a Bcl-2-insensitive

Cell lines and transfectionapoptotic pathway, since deletion of the negative regulatory
The murine cell lines FL5.12 and WEHI-231 were cultured as describedloop restores the ability of Bcl-2 to prevent apoptosis in previously (Boiseet al., 1993; Gottschalket al., 1994). Transfections

WEHI-231 cells. Indeed, the mobility of phosphorylated with various constructs in pSFFV-Neo were performed using 10µg
plasmid, electroporated into 13107 cells at 960µF and 250 V. Neomycin-Bcl-2 on SDS–PAGE shows a significant difference
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resistant cells were selected with 1 mg/ml G418. Single cell clones were inhibitors plus 1 mM sodium vanadate, 10 mM sodium fluoride and
10 mM sodium pyrophosphate. Immunoprecipitations were performedisolated from the bulk transfectants by limiting dilution cloning in 96-

well microtiter plates. as described above. Samples were subjected to 15% SDS–PAGE and
transferred to nitrocellulose. Western blot analysis of immunoprecipitated
protein was performed as described above. After allowing the ECLWestern blot analysis of proteins

Cells were pelleted by centrifugation and washed with phosphate- signal to decay, blots were air dried and placed on film to detect
32P labeling.buffered saline, then lysed with RIPA buffer (1% Nonidet P-40, 1%

deoxycholate, 0.1% SDS) supplemented with 8µg/ml aprotinin,
2 µg/ml leupeptin and 170µg/ml phenylmethylsulfonyl flouride (PMSF).
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